Metal nanoclusters (e.g. Pt, Pd, and Au) have been those of the most valuable catalysts that have been used in many catalytic fields of hydrogenation, fuel-cell technologies, and water splitting photo-catalytically, etc. In this mini review, the previous works from our group about the optical, electrical and catalytic properties of metal nanoclusters, such as Pt 13 , Pd 13 , and Au 13 , have been reviewed. Ab initio molecular dynamics simulation (AIMD) at a DFT (Density Functional Theory) level has been applied to simulate the catalytic properties. The results show that Pt 13 and Pd 13 nanocluster present interesting hydrogen reduction and molecular H 2 desorption on the surface of the metal nanoclusters. An elementary hydrogen evolution mechanism on the metal nanocluster was established as H ads + +H ads + + 2e -+ M ads → [M ads -H ads -H ads ] → H 2 + M (M~metal). On the other hand, an Au nanocluster, which is protected by organic thiolate groups, was investigated by ab initio electron dynamics (AIED) calculation. The comparison between the protected and unprotected Au nanoclusters clarifies the contributions from Au core and organic thiolate ligands to the optical and electronic properties, such as photoexcitation, electron/hole relaxation, and energy dissipation, etc.
Introduction
Metallic nanostructures represent promising research interests in the field of nanomaterials, such as catalysis (1, 2) , sensing (3, 4) , optics (5), therapeutics (6) , and diagnostics (7), hydrogen storage (8) , hydrogen purification (9) and photo-catalytic water-splitting (10) etc. Most of these applications depend largely on the unique optical and electronic properties of metals when their sizes are confined to nanoscale dimensions. These properties change dramatically with the length scale from nanoparticles, sub-nanostructure, and quantum confined nanoclusters with discrete electronic orbitals and HOMO-LUMO energy gaps. For example, metal nanocluster and nanoparticles (e.g. Pt, Pd and Au) are industrially very important catalysts, such as fuel cell to generate hydrogen energy (11) , which is drawing great attention as a future source of clean energy (12, 13) . Theoretical studies on the chemisorption of hydrogen have been performed and are reviewed in many publications (14) (15) (16) . The electronic structures of Pt 13 clusters in icosahedral and cubic symmetry were quite often studied by the first principle calculations, and the calculated energies were in good agreement with experimental hydrogen-metal binding energies (17) . Dissociative adsorption of hydrogen molecules on Pd clusters was reported (18) and compared with that on infinite Pd (111) surface. The weak Pd−H energy allows the chemisorbed H atoms to react with other adsorbates or two H atoms reacts together to form H 2 molecule (19, 20) . Small Pd nanoclusters deposited on solid supporting surfaces, such as MgO (21) or TiO 2 (22, 23) , were also theoretically studied since it was believed to be responsible for the majority of catalytic activity. The behavior characteristic to the clusters comes from a large fraction of surface atoms and the discrete nature of electronic states, which makes the electronic state of the cluster quite different from those of the bulk structure (24, 25) .Metal clusters with an appropriate size would be an excellent representation of the metal nanoparticles (26) . The 13-atom clusters have drawn much attention because it can form closed-shell icosahedral structure (27, 28) and are considered as being representative of highly dispersed metal catalysts (29) (30) (31) .
Au nanocluster (32) , which is different from Pt or Pd nanoclusters, are protected by organic thiolate group (-SR). They have attracted intense research interests recently due to their unique electronic, optical and catalytic properties (33) (34) (35) . They are composed of very few Au atoms in the center core with the size less than 1 nm, and as a result they show "molecule-like" optical transitions in the absorption and emission spectra (36) . The small-sized thiolate protected Au nanoclusters exhibit exceptional stability and size dependent HOMO-LUMO gap. Quite a few of thiolate protected Au nanoclusters with different core size and thiolate groups have been successfully synthesized and isolated (37, 38) . Studies on the interface between Au nanostructures and the organic molecules or semiconductors benefit the applications for the nano-electronics (39). Aikens, et.al studied the structural, electronic and optical properties of the thiolate-protected Au 38 (SR) 24 (R=CH 3 and C 6 H 13 ) cluster (40) and the origin of discrete optical absorption spectra of Au 25 (SH) 18 - 60 cluster with an icosahedral Au 114 core with 30 RS-Au-SR units as ligand and yielded an excellent fit of the structure factor to the experimental X-ray scattering structure factor (42) . The optical absorption spectrum of Au 24 nanocluster protected by the mixed ligands of phosphine and thiolate was theoretically reproduced and interpreted (43) . Most interestingly, ultrafast luminescence dynamics of thiolate protected Au 25 clusters indicated that their luminescence decay traces showed unique ultrafast growth and decay kinetics that are absent in the larger Au clusters (44) . A fast and slow luminescence decay of Au nanocrystals (NCs) was determined originating from recombination of the linear Au-S bond and the staple motif, respectively (45) . It has been well-established that the luminescence of Au nanoclusters arose from the HOMO-LUMO gap (46) , which was due to the interband transition between the 6sp conduction band and the filled 5d band (47, 48) .
In this review, we will give a brief introduction on 1) the hydrogen reduction and molecular H 2 desorption from Pt 13 , Pd 13 and Pt/Pd alloy nanocluster surface investigated by ab initio molecular dynamics (AIMD) simulation, and 2) the photoexcitation, electron/hole relaxation and the absorption, excitation and emission spectra of a thiolate protected Au 13 nanocluster calculated by ab initio electron dynamics (ED).
Electrical and Optical Properties of Pt 13 and Pd 13 Nanoclusters
The M 13 (M = Pt and Pd) metal nanocluster investigated has one metal atom in the center, coordinated with other twelve side metal atoms in an O h point group symmetry. Pt and Pd have an electronic configuration of [Xe]4f 14 5d 9 6s 1 and [Kr]4d 10 , respectively. Each of the side metal atoms is hydrogenated by two hydrogen atoms (M 13 H 24 ), as shown in Figure 1 . A structural optimization shows that there is a slightly deformation of O h to D 4h symmetry, indicating a lower energy of D 4h symmetry on the Pt 13 cluster. On the other hand, the Pd 13 H 24 nanocluster twists to lower the energy for stabilization, increasing the Pd-Pd bond distance up to 2.85 Å, longer than the Pt-Pt bond distance (2.72 Å). During the optimization a few of the H atoms are bridging the neighboring two Pt atoms by a longer Pt-H bond distance (1.76 Å), comparing to the isolated Pt-H bond length (1.58 Å). However, every two of the hydrogen on Pd atoms approach to each other and bond together, indicating a potentially higher catalytic property of Pd than Pt nanoclusters. The H-H bond distance in the optimized Pt 13 
Charged Pt 13 and Pd 13 Nanoclusters
The investigated M 13 H 24 nanoclusters are charged by certain amounts of elementary charges to see what effects the charging has on the properties of the metal nanocluster. The charged nanocluster is labeled as M 13 H 24 n± (n = 1~24). Density of states (DOS) of the charged Pt 13 H 24 n± (n =0, 1 and 2) nanoclusters are shown in Figure 2 . The HOMO of one negative charged Pt 13 H 24 nanocluster, Pt 13 H 24ˉ, presents new electronic states at higher energy. Adding more electrons on the cluster, Pt 13 H 24 2ˉ, increases the orbital energy of HOMO dramatically, in favor of high intrinsic reactivity of the metallic sites (50) . The orbital energy of HOMO of the positive charged models decreases with charges and the Fermi level shifts to −7.5 eV after two electrons are removed. Removing more electrons causes the crash of the nanocluster structure. The linear absorption spectra of the charged Pt 13 H 24 nanocluster are also shown in Figure 2 . Adding one electron to Pt 13 H 24 model causes all the absorption bands turning sharp. In contrast to this, the absorption spectra of positively charged clusters (Pt 13 H 24 + and Pt 13 H 24 2+ ) become much broader, due to the contributions of some new absorption bands. For example, a new absorption band appears at the low energy range (~0.5 eV) in Pt 13 H 24 + model. The absorption spectra of Pd 13 H 24 n± cluster show approximately five absorption bands before 2.5 eV (~500 nm), locating in the visible and IR spectral ranges. Positively charged clusters show only slightly blue shift for these five bands. But the negatively charged clusters present dramatic decrease of absorption intensity in the IR range. This observation can be explained as follows. When the electrons are removed, there are more upper HOMOs available to accept the excited electrons from lower level HOMOs, which is attributed to the new peaks in the IR range. 
H 2 Desorption Catalytically from Metal Nanocluster Surface
Many catalytic reactions are carried out under elevated temperature. So it is interesting to investigate the changes of the electrical and structural properties of metal nanocluster during heat treatment, which also gives the information about thermal stability. During heat treatment, all the atoms gain certain velocities determined by the forces between atoms, which are transferred from their potentials. Ab initio molecular dynamics (AIMD) was simulated to model the change of the position of the atoms in metal nanocluster after heating and the whole trajectory is determined by the velocities of atoms at the initial time (t = 0). At each time step of the trajectory, the forces are determined according to the Hellman Feynman theorem (51). This simulation is to investigate the dynamics of interaction between hydrogen atoms and metal nanocluster catalyst, which assigns non-zero momentum to each ion. Different heating temperatures generate different range of forces acting on the nuclei, which in turn produce different molecular dynamics trajectories. Figure 1 represents the structure of Pd 13 H 24 nanocluster before and after heating at 1700K. The frame metal atoms stay almost identical, but the H atoms undergo prominent migration. Some of the hydrogen atoms bond to each other and almost detach from the Pd nanocluster surface as a H 2 molecule. Those bonded hydrogen atoms are the clear evidence of the formation of a semi-bounded H 2 molecule, Pd•••H−H, on the surface of Pd nanocluster. Less migration and bonding of hydrogen atoms was observed in the Pt 13 H 24 model, indicating less active hydrogen on Pt nanocluster surface (26) .
During the AIMD simulation, one semi-bonded H-H group desorbs in a molecular form after 3 fs, as shown the snapshot image in Figure 4 , representing the desorption of one H 2 molecule catalytically from the Pd nanocluster surface. The desorption rate can be estimated as 1/3 fs -1 acoordingly. At 10 fs and 270 fs, another two and as many as seven H 2 molecules are formed and desorbed from the Pd 13 nanocluster, respectively. The similar H 2 desorption brhavior was also observed on the Pt 13 nanocluster but after 1000 fs there are only four H 2 molecules that desorb, implying a less active surface of Pt than Pd nanocluster. As an example, a video showing the hydrogen desorption process can be viewed in the Supplementary Information. The results presented in Figure 4 illustrate a transition between high and low density of surface adsorbates. The number of surface hydrogen adsorbates decreases after each desorption event thus approaching to the low density surface coverage. These results evidence the lower desorption rate for lower surface coverage. An almost saturated hydrogen adsorbed Pt cluster has been reported (17) , and in another literature, the H 2 absorption on Pt cluster surface was observed to occur in 10 fs by a Direct MD study, which is comparable to our work (52) . The energy required for H 2 molecules to desorb from metal catalyst is one of the concerns to many researchers. Figure 5 shows the time dependence on the total energy of Pt 13 H 24 nanocluster in the steps when H 2 molecule desorbs. This diagram is closely related to a catalytic reaction, as described in ref (53) , If this applies to the H 2 desorption reaction catalytically, it can be described as and the three configurations in Figure 5 can be considered as reactant, transition state and product, respectively. The geometry of intermediate state is determined by the configuration which has the maximum total energy during the desorption. Metal nanocluster act as the catalyst. The activation energy can be estimated as 0.51 eV, determined by the difference of energy between reactant and transition state.
It has to be point out that an exploration of the potential energy surface at zero temperature is a standard approach to explore a single desorption event in more details. An adequate method for determining an optimal path along potential energy surface is offered by Henkelman et. al in the Nudge Elastic Band method (54) . The Nudge-Elastic Band (NEB) method has become a workhorse in determining the transition states (TS) and minimum-energy pathways (MEP) (55) ,especially when implemented within density-functional theory (DFT). However, our work focuses on a statistical approach, explicitly modeling finite temperature and multiple reactions running simultaneous in the same system. 
H 2 Desorption Catalytically from the Charged Metal Nanocluster Surface
The dependence of heating temperature on the H 2 desorption rate over the charged Pt nanoclusters are shown in Figure 6 . The result of the left panel in Figure 6 indicates a sequence of catalytic activity, Pt 13 H 24 2-> Pt 13 H 24 -> Pt 13 H 24 > Pt 13 H 24 + > Pt 13 H 24 2+ . The maximum H 2 desorption rate found on Pt 13 H 24 2-model at 1986 K is around 0.067 fs -1 , approximately corresponding to 0.61 ml/h per cluster, comparable to the experimental result of around 0.1~1.5 ml/h on Pt and RuO 2 co-deposited TiO 2 photocatalysts (56). The desorption rates of all the investigated models computed at different temperatures are analyzed and fitted to Arrhenius law, as shown in the right panel of Figure 6 . The computed Arrhenius activation energy, and average rates, are calculated and summarized in Table 1 . The average desorption rate and activation energies depend on cluster charges in a different manner. Higher average desorption rate corresponds lower activation energy. The computed Arrhenius activation energies are systematically lower than E a (at 1800K) based on instantaneous change of total energy. But either way, the Pt 13 H 24 2− model shows the highest desorption rate and correspondingly almost the lowest activation energy. The linear fitting of desorption rate of Pt 13 H 24 n± models present two different slopes, which indicates that there might be two different activation barriers for H 2 desorption. On the surface of Pd nanocluster total of seven H 2 molecules desorb from Pd surface in less than 300 fs. This is in great contrast to the desorption behavior of Pt 13 H 24 cluster, where only four hydrogen molecules desorbed after 1000 fs under the same conditions. This is a strong indication that Pd 13 nanocluster has better catalytic activity than Pt 13 nanocluster. At ambient temperature (300 K) H 2 desorption has been obvious over all the Pd 13 clusters, whereas for Pt 13 cluster the "turn on" temperature activating the catalytic reaction has to be as high as 900 K. Of all the charged Pd 13 H 24 clusters, the Pd 13 H 24 2+ cluster presents the highest regular desorption rate (R) which follows the sequence of This is also in contrast to the result of Pt 13 nanocluster where Pt 13 H 24 2− shows the highest activity. The reason for this discrepancy is not quite clear yet.
Pd-Doped Pt 13 H 24 Nanocluster
One of the Pt atoms in the Pt 13 
Au Nanocluster Protected by Organo-Thiolate Ligand
The investigated thiolate protected Au nanocluster, Au 38 (SCH 3 ) 24 , has a structure as, It has a core Au 13 24 nanocluster.
The Au core has a structure that is similar to Pt 13 and Pd 13 nanocluster, which is derived from the deformation of a truncated-octahedral face-centered-cubic structure to a disordered cluster core made of distorted pentagonal bipyramid subunits, which was reported more stable than the original truncated-octahedral geometry (57) . The Au atoms have the electron charges of~5.8 (0.4 on the center Au core and 5.4 on the outer 24 Au atoms) and -5.8 on the 24 thiolate ligands. The binding energy between Au core and ligand was reported as 1.1 eV (58) .
The DOS of Au 38 (SCH 3 ) 24 nanocluster (not given) shows new bands at around -18.0 and -14.0 eV, which are absent in the DOS of core Au (54) . These bands are formed from the thiolate ligand molecular orbitals. There is an upward shift of the Fermi energy by 2.2 eV after adding the thiolate ligands to the core Au. Some of the unfilled sub gaps below the Fermi energy of the Au core are filled after the thiolation by the ligands, most likely due to the charge redistribution between Au core and ligand shell. The calculated energy gap between the HOMO and LUMO states of Au 38 (SCH 3 ) 24 and Au core are 0.29 and 0.11 eV, respectively.
To understand the correlation between the nanocluster structure and optical properties, the electronic structure, optical absorption spectrum of Au 38 (SCH 3 ) 24 nanocluster, the energy of Kohn-Sham molecular orbitals, and the contributions of different atoms to the orbitals are shown in Figure 9 . The electronic structure of Au 38 (SCH 3 ) 24 indicates that the HOMO, LUMO and LUMO-1 are mainly composed of 5d and 6sp atomic orbitals of Au. From HOMO-1 to HOMO-8 the 5d orbitals of Au become dominant. LUMOs higher than LUMO+2 are mainly constructed by the 6sp orbitals of Au. The 3p orbitals of sulfur contribute significantly to the HOMO-2 and other lower HOMOs.
Figure 9. (A): Kohn-Sham orbital energy level diagram for the Au 38 (SCH 3 ) 24 nanocluster. Each KS orbital indicates the relative contributions from the atomic orbitals of Au(6sp) in green, Au(5d) in orange, S(3p) in blue and others in light gray. (B): Calculated absorption spectra of Au 38 (SCH 3 ) 24 (top) and core Au nanocluster (bottom). The peaks are broadened by a Lorentzian with a half-width of 0.01 eV. Adapted with permission from ref (59). Copyright 2015
Taylor&Francis.
The absorption spectrum of Au 38 (SCH 3 ) 24 features a peak (A) at 0.54 eV, the first major peak (B) at 1.12 eV, and three other major peaks (C, D, E) at 1.66, 2.00 and 2.44 eV respectively, which is in agreement with the experimental result (60). The peak A corresponds to d→d (HOMO-1→LUMO+1) intraband transition, and the group peaks from 1.0 to 3.0 eV (peak B to D) originates from a d → sp interband transition. There are also two broad bands (F and G) from 3.0 to 4.0 eV. The absorption peaks of core Au nanocluster show the shift to higher energy, e.g., from peak B to B′(C′), peak D to D′ and peak E to E′, which is agreement with the experimental results (61) . This indicates that the HOMO, HOMO-1, HOMO-2 and LUMO+1 through LUMO+3 are composed of the atomic orbitals from the core Au atoms (42) . But HOMO-4 through HOMO-8 may get contribution of the atomic orbitals from the atoms in the ligands, which gives the new absorption peak C after thiolate ligands are attached on the core Au surface.
Photoexcitation electron dynamics, after electrons are photoexcited from occupied orbitals to unoccupied orbitals is of important property to investigate. An insight of this electron dynamics will contribute to the better understanding of the optical properties of Au nanoclusters, together with the time-resolved emission and decay lifetime kinetics. When the investigated Au 38 (SCH 3 ) 24 nanocluster is irradiated by light and photon is absorbed, an electron is excited from the occupied orbital a to higher unoccupied orbital b, e.g. from a = HO-18 to b = LU+17 orbital (HO and LU are the abbreviation of HOMO and LUMO), which corresponds to the absorption band G in the Figure 9 with the transition energy at 3.838 eV. The excitation energy for simulation was chosen based on two criteria; (i) efficient absorption at chosen energy and (ii) opportunity to explore larger number of photoexcitation decay channels. After the generation of the electron-hole pair, the nonradiative relaxation of the electron and hole to the LUMO and HOMO orbitals occurs due to the nonadiabatic electron-phonon process.
Figure 10. Electronic dynamics of Au 38 (SCH 3 ) 24 nanocluster photoexcited at absorption band G (HO-18, LU+17). (A): The iso-contours of the population of charges. Red, green and blue colors encode excess, no change, and lack of electronic populations at given energy. (B): the evolution of the nonequilibrium charge density distribution projected onto the z direction. (C): Au 38 (SCH 3 ) 24 nanocluster structure is shown in the same range in z-axis as panel (B). Adapted with permission from ref (58). Copyright 2015 Taylor&Francis.
The results of photo-induced electron dynamics are shown in Figure 10 . Figure 10 (A) displays the iso-contours of the charge population, Δn (a,b) (ε,t) . The iso-contours of the population, with red and blue color indicating gain and loss of charge density with respect to the equilibrium distribution, indicates that the nonradiative internal conversion of the photoexcited electron and hole finishes within around 30 ps. The average electron and hole dissipation rate constants, K e and K h , are 0.171 and 0.248 ps -1 , respectively. Table 2 summarizes the computational results on the electrons and holes dissipation process for different photo-excitations, corresponding to the different peaks in the calculated absorption spectra of Au 38 (SCH 3 ) 24 and core Au nanocluster (Figure 9 ). The dissipation rates of holes are relatively higher than that of electrons for both the clusters K h > K e, i.e., τ h <τ e , which is ascribed to stronger nonadiabatic couplings in the valence band (VB) compared with that in the conduction band (CB).
The longer relaxation time of electrons will enhance the relative contribution of the photoexcited electrons to the luminescent emission. The evolution of the nonequilibrium charge density distribution projected onto the z direction is given in Figure 10 (B). At t~0.5 ps when the relaxation of electrons and holes begins, the holes density at the top ligands increases and the electron density in the center Au core increases. This indicates a charge transfer from the thiolate ligand orbitals to the center Au cluster orbitals. The computed emission spectra of thiolate-protected and bare Au nanoclusters triggered by photo-excitations of similar energies are compared. The dynamics of energy dissipation and relevant emission spectra are illustrated in Figure  11 . Specifically, the instantaneous photoexcitation of the Au 38 (SCH 3 ) 24 / Au core nanoclusters at transition energy of 3.838 eV / 3.717 eV, corresponding to absorption band G / F′ in Figure 9 are followed by the excitation energy dissipation with time ( Figure 11 (A) / (D) ), monitored by time-resolved ( Figure  11 (B) / (E)) and integrated (Figure 11 (C) / (F) ) emission spectra. Figure 11 (A) shows that in thiolated Au nanocluster the excitation at around 3.838 eV, corresponding to the parent interband absorption from HOMO-17 to LUMO+18, has a non-radiative lifetime of 0.1 ps at the LUMO+18 orbital. From this time the electronic relaxation induced by the lattice vibrations occurs between 0.1 and 10 ps and stays at the edge of the band gap for longer than 100 ps. In the bare Au nanoncluster, the excitation at around 3.717 eV, shown in Figure 11 (D) , corresponding to the parent interband absorption from HOMO′-4 to LUMO′+11, has a radiative lifetime of around 1.0 ps at the LUMO′+11 orbital, which is longer than that of the similar photo-excited state of the Au 38 (SCH 3 ) 24 nanocluster. This is consistent with the larger nonradiative decay rate of electron for the Au 38 (SCH 3 ) 24 than Au core nanocluster. After t = 1.0 ps the lattice vibration causes the nonradiative relaxation to the transitional energy at~3.4 eV where the electronic energy stays at this state for almost 100 ps. Finally the energy dissipates at the edge of the band gap for longer than 200 ps. This strong radiative transition at~3.4 eV, which is not observed for the Au 38 (SCH 3 ) 24 nanocluster, indicates that the protective thiolate ligands contributes to the nonradiative energy dissipation of the Au 38 (SCH 3 ) 24 nanocluster.
Figure 11. Simulated photoexcitation dynamics (A, D), emission dynamics (B, E) and integrated emission spectra (C, F) for thiolate protected Au (A-C) after
photoexcited at 3.838 eV (peak G in Figure 9 ) of Au 38 (SCH 3 ) 24 nanocluster and Au core (D-F) after photoexcited at 3.717 eV (peak F′ in Figure 9) The time-resolved emission spectra triggered by the instantaneous photoexcitation are compared in Figure 11 (B) and 11 (E). An emission signal at around 3.838 eV, corresponding to the parent interband absorption band G, disappears at around 0.1 ps, which indicates the beginning of the relaxation. There are also several additional emission bands at energy less than 2.0 eV. The time-resolved emission spectrum of the Au core, as shown in Figure 11 (E), presents a similar emission signal at 3.717 eV, due to the parent interband absorption. Likewise, this transition possess a lifetime of~2 ps, longer than that of the Au 38 (SCH 3 ) 24 nanocluster. There are many strong emission bands owning much longer lifetime with transition energy between 2.3~3.2 eV, and relatively less emission bands with transition energy lower than 2.0 eV. The band gap of the Au core cluster is smaller than 0.1 eV, so there are relatively more interband transitions, compared to the strong intraband transitions for the Au 38 (SCH 3 ) 24 nanocluster. So these strong intraband transitions are from the contribution of the thiolate ligands. Figure 11 (C) gives the representative integrated emission spectrum of the Au 38 (SCH 3 ) 24 nanocluster after photoexcitation at 3.838 eV. The emission peaks are consistent with the emission features shown in Figure 11 (B). The strong bands at energy less than 0.3 eV are corresponding to the intraband optical transitions of photo-excited electrons or holes within the conduction band or valence band. The prominent emission band appears at around 2.0 eV (620 nm) and the first strong emission at 1.5 eV (820 nm), which are consistent with an experimental result where mercaptosuccinic acid protected Au 38 nanocluster was etched by bovine serum albumin (62) and a phosphine/thiolate-protected Au 24 nanocluster. Given the photoexcitation wavelength at 3.838 eV, this computed Stokes shift is also consistent with the experimental results. The integrated emission spectrum of the Au core shown in Figure 11 (F) presents the most strong emission band at 2.3 eV, corresponding to the intraband transition.
Conclusions and Perspectives
Catalytic reactions present a challenge to computational studies since the electronic structure and thus the bonding pattern changes qualitatively in the course of the simulation. Prezhdo et.al pioneered time-domain atomistic studies of the photo-induced electron dynamics (ED) at molecule/semiconductor interfaces and initiated the ab initio, time-domain studies of the photo-induced dynamics of excited charge carriers in semiconductor and metallic quantum dots (63, 64) . Their nonadiabatic molecular dynamics simulations most closely mimic the complex coupled evolutions of charges, phonons, and spins as they occur in nature. Tretiak et.al has developed the excited molecular dynamics method to model photochemical time-dependent processes in extended molecular systems based on the quantum-chemical numerical computations. This technique combines semi-empirical Hartree-Fock computations with a time-dependent density matrix calculation of vertical optical excitations, using the ground-state single-electron density matrix as input (65, 66) . In our work on the hydrogen reduction on metal cluster surface, the basic idea underlying our molecular dynamics simulation method is to compute the forces acting on the nuclei from electronic structure calculations that are performed "on-the-fly" as the MD trajectory is generated (67) (68) (69) . In our work on thiolate protected Au nanocluster, we applied ab initio electron dynamics (AIED) for interpreting photoexcitation and electron/hole relaxation of Au nanocluster. We simulated the relaxation rates of photo-excited electrons and holes in core and thiolate-protected Au nanoclusters by applying an ab initio treatment of the electronic states when the nonadiabatic transitions are induced by the vibrational dynamics. The on-the-fly nonadiabatic couplings are used as parameters to the Redfield theory, providing the dynamics of carriers and allowing for analysis of multiple nonradiative relaxation pathways.
Since the performance of a catalyst is a balance between the binding energy of adsorbates and the barriers of reaction. Our AIMD trajectories successfully simulate the fusion of two protons into one H 2 molecule accompanied by bond breaking between Pd and H 2 . Furthermore, AIMD allows determining more details about catalysis, e.g. the most probable desorption site, the number of total H 2 molecules desorbed from the cluster. In this sense, this AIMD approach is more general and can be applied to simulate other reactions, such as fusion, fragmentation, etc. In the future work, the most challenging research interests will be on how to combine the simulation of photon absorption (70, 71) , and charge transfer from a substrate to the surface of nanocatalyst (72, 73) and charge-facilitated surface reaction (26) . One is able to complete the pathways of subsequent elementary processes contributing to the photocatalytic water splitting.
The computation results on thiolated protected Au nanoclusters laid out here provide a view for further understanding of the distinct electronic, optical and photochemical properties of stable Au nanoclusters. Generally the electronic properties during photon absorption and charge transfer can be calculated. One has to keep in mind that the electron excitation, energy dissipation, electron relaxation, which have been successfully calculated by our computation method, are crucial to the photochemistry. This should facilitate synthesis and practical application for catalysis, sensing, bio-labeling and molecular electronics.
